Summary The detailed mechanisms which can explain the inherent radiosensitivity of salivary glands remain to be elucidated. Although DNA is the most plausible critical target for the lethal effects of irradiation, interactions with other constituents, such as cell membrane and neuropeptides, have been suggested to cause important physiological changes. Moreover, mast cells seem to be closely linked to radiation-induced pneumonitis. Therefore, in the present study the effects of fractionated irradiation on salivary glands have been assessed with special regard to the appearance of mast cells and its correlation with damage to gland parenchyma. Sprague-Dawley strain rats were unilaterally irradiated to the head and neck with the salivary glands within the radiation field. Although the detailed mechanisms by which radiation induces damage in biological tissues are not fully understood, it is generally accepted that generation of free radicals is of major importance. DNA is the most likely target for the lethal effects of these irradiation induced free radicals, however it is plausible that other compartments, i.e. non-genetic macromolecules, such as proteins and carbohydrates, can be significantly affected with vital alterations in the functional integrity of the certain biological tissues (Creasy, 1960; Desai et al., 1964; Sutherland et al., 1967; Alper, 1977; El-Mofty et al., 1981; Franzen et al., 1991; 1993) . In addition, changes caused by external factors and in the surrounding tissues can play an important role in modifying the final detectable and evaluable reaction, which indeed has recently been proposed, e.g. ongoing smoking depressed pneumonitis caused by irradiation in humans (Franzen et al., 1989; Bjermer et al., 1990; as well as in experimental animals . Moreover, sublethal damage following fractionated irradiation seems to cause alterations in cell membrane function and in physiological parameters (Reade & Steidler, 1985; Stephens et al., 1986a,b; Franzen et al., 1991) . Most recently, it was also demonstrated that irradiation enhances the expression of important neutopeptides/growth factors, at least in salivary glands (Forsgren et al., 1992; Franzen et al., 1993) . Furthermore, parotid acinar cell death following irradiation has been described as an interphase death (Stephens et al., 1986a,b; Franzen et al., 1991) .
Although the detailed mechanisms by which radiation induces damage in biological tissues are not fully understood, it is generally accepted that generation of free radicals is of major importance. DNA is the most likely target for the lethal effects of these irradiation induced free radicals, however it is plausible that other compartments, i.e. non-genetic macromolecules, such as proteins and carbohydrates, can be significantly affected with vital alterations in the functional integrity of the certain biological tissues (Creasy, 1960; Desai et al., 1964; Sutherland et al., 1967; Alper, 1977; El-Mofty et al., 1981; Franzen et al., 1991; 1993) . In addition, changes caused by external factors and in the surrounding tissues can play an important role in modifying the final detectable and evaluable reaction, which indeed has recently been proposed, e.g. ongoing smoking depressed pneumonitis caused by irradiation in humans (Franzen et al., 1989; Bjermer et al., 1990; as well as in experimental animals . Moreover, sublethal damage following fractionated irradiation seems to cause alterations in cell membrane function and in physiological parameters (Reade & Steidler, 1985; Stephens et al., 1986a,b; Franzen et al., 1991) . Most recently, it was also demonstrated that irradiation enhances the expression of important neutopeptides/growth factors, at least in salivary glands (Forsgren et al., 1992; Franzen et al., 1993) . Furthermore, parotid acinar cell death following irradiation has been described as an interphase death (Stephens et al., 1986a,b; Franzen et al., 1991) .
The remarkable sensitivity of salivary gland acinar cells compared with other glands to radiation is a unique radiobiological phenomenon (Shannon et al., 1978; Mira et al., 1982; Abok et al., 1984; Junglee et al., 1986; Franzen et al., 1991) . Other well-differentiated gland cells are known to be more or less radioresistant (Rubin & Casarett, 1972) . The exact mechanism which explains this sensitivity is not entirely understood. Since mast cells have been proposed to interact in a substantial manner with the development of radiationinduced pneumonitis and pulmonary fibrosis (Franzen et al., 1989; Bjermer et al., 1990; Nilsson et al., 1990a,b; we found it of interest to evaluate the correlation of connective tissue response and especially mast cells with radiationinduced damage in salivary gland tissue.
Materials and methods

Animals
Fifty white albino female rats of the Sprague-Dawley strain were used. They were 8 weeks old, and weighed approximately 200 g. They were fed water and chow ad libitum and kept on a diurnal light schedule. Before the animals were used for the experiments outlined below they were fasted for 18 h, and used before noon to avoid diurnal variations.
Irradiation procedure
The rats were irradiated with a medical linear accelerator (BBCR 6 MV with a dose rate of 2.19 Gy min-'; at a focus to skin distance of 100 cm). The rats under methohexital (Brietal) anaesthesia were placed in a plastic mould holding them firmly in position during irradiation. During this time the rats were observed with a TV camera and if they moved the treatment was temporarily interrupted. The total radiation field used on the accelerator was 8 x 20 cm, allowing two rats to be irradiated at the same time. One side of the head (the reference side) was not irradiated; it was also shielded with a 10-cm-thick lead block. By this technique, the non-irradiated side was effectively protected. The geometric margins between the edge of the radiation field and parotid glands were 10 mm in all cases, and the distance between the field edge and the 95% dose level of this beam was 6-7 mm. According to this the minumum dose to the salivary glands on the irradiated side was at least 95% of the prescribed dose. The dose contribution on the reference side was insignificant. The absolute dosimetry was checked with an ionisation chamber in a rat phantom and all scattering materials in the field were kept constant. The animals were irradiated daily Monday to Friday with daily doses of 4, 7 or 9 Gy up to a total dose of 20, 35 or 45 Gy respectively. The animals were used for the experimental procedure as outlined below 48 h and 4, 10 and 180 days following the last irradiation treatment. These endpoint times were chosen to detect the appearance of early and late effects because the rodents have a short life expectancy. However, it must be emphasised that we have no conclusive results regarding the optimal time point for examining early or late effects.
Morphological evaluations
The parotid and submandibular gland specimens from five animals at each time point and dose were fixed in 3% glutaraldehyde in 0.2 M phosphate buffer immediately after removal. After rinsing in buffer, the salivary gland specimens were post fixed in 1% osmium tetroxide in the same buffer. After a cold buffer rinse, the specimens were dehydrated in graded ethanol solutions and embedded in epoxy resin. Semithin (1 ym) sections, cut on an LKB ultratome and stained with toluidine blue, were used for light microscopic analysis and morphometry. The latter was performed by using an ocular with 10 x 10 grid mesh and counting 'hits' at the crossings (cross-points). One hundred points per section were counted (Weibel, 1979; Henriksson, 1982) . Specimens from both irradiated glands and contralateral controls were fixed and embedded in parallel (Henriksson, 1982; Franzen et al., 1991) . In the submandibular gland CGT (convoluted granule tubule) serous cells in the ducts were counted with two ocular fields (limited by the outer border of the mesh grid) to a total 0.125 mm2 in each gland. The results were then calculated and are expressed as number of CGT cells per mm2 gland area.
Mast cell analysis Cryosections 5 jpm thick were stained with 0.5% toluidine blue in hydrochloric acid (0.5 M) and counterstained with Mayer's acid haematoxylin. A total gland area of 0.452 mm2 was scanned through a microscope at 240 x magnification and the numbers of toluidine bluepositive mast cells were counted and presented as the total number of mast cells per mm2 for each gland. Parallel sections were fixed in 4% buffered formaldehyde overnight and then stained with toluidine blue (Nilsson et al., 1990a,b) . Randomly selected areas were compared regarding numbers of mast cells.
Localisation of hyaluronan (hyaluronic acid) by light microscopy In brief, cryostatic sections from the salivary glands were cut with a microtome into 1.5-nm-thick sections and incubated for 30 min with 1% bovine serum albumin in PBS.
The sections were then incubated with a hyaluronan binding probe (biotin-labelled HABP, 85pgmlm', Pharmacia Diagnostics, Uppsala, Sweden) overnight at 4°C and washed with PBS twice for 20 min before being treated with avidinbiotin-peroxidase (Vectastain, Vector Lab, Burlingam, CA, USA, 1:200 dilution) for 1 h (see Nettelblad et al., 1989; Nilsson et al., 1990) . After three washes in PBS, the sections were incubated for 5 min in 0.05% diaminobenzidine (Sigma, USA) and 0.03% hydrogen peroxidase in phosphate buffer at room temperature. Some sections were incubated with Streptomyces hyaluronidase (Sigma, USA) in the presence of the protease inhibitors in PBS for 3 h at 37°C, and washed with PBS twice for 10 min prior to staining. The digestion experiments included controls incubated under otherwise similar conditions but without the enzyme (Nettelblad et al., 1989; Nilsson et al., 1990a; .
Statistical evaluation
All statistical analysis were performed on an IBM PS/2 and using CSS/statistical software (Statsoft, Tulsa, OK, USA).
Student's t-test was used for comparisons between groups.
Results
The acute effects of the radiation schedule used in these studies on the general condition of the rats have been described in previous papers (Franzen et al., 1991) . Only the animals that received the highest doses displayed a marked erythemal reaction corresponding to the radiation field, approximately 10-14 days following irradiation. In the same rats oral mucositis was also observed. The animals were supplied with subcutaneous injections of physiological saline during the first 10 days. However, the mucositis did not during the observed period (limited to 180 days) influence to any substantial degree the animals' ability to eat. Consequently, there were no significant differences in weight gain between irradiated animals and controls during the follow-up period. At the late time point (180 days) the animals irradiated with 45 Gy displayed a lower density of body hair in the irradiation field.
General morphology Parotid vs submandibular gland On the non-irradiated side the well-known lobular structure, with densely packed acini and ducts, was seen in all specimens (Figure lb) . The parotid gland consists solely of serous acinar cells with branching intercalated ducts between the acini. The gland is clearly lobulated with easily distinguished acini and ducts. Myoepithelial cells are seen surrounding the acini and the intercalated ducts. Striated ducts and the interlobular excretory ducts are readily differentiated from acini. The interlobular stroma is more apparent than in submandibular gland. The submandibular gland in the rat (Figure Id) , on the other hand, includes only mucous acinar cells with few myoepithelial cells. Convoluted granular tubules (CGT) incorporating intensive toluidine blue-stained serous cells make up roughly 10% of section area, and striated duct cells with a tall cylindrical shape and centrally positioned nuclei make up a similar proportion of the tissue. The interlobular stroma is very scant and, besides excretory ducts, arteries and veins, only isolated mesenchymal cells are observed. The principal differences between parotid and submandibular glands in the rat are outlined schematically in Figure 2 .
Early effects Irradiation caused no significant quantitative or qualitative changes in the parotid gland tissues by 10 days after the last session of irradiation (Table I ). The structure of irradiated and control acinar cells was in accordance with earlier analysis (e.g. Henriksson, 1982) . No obvious changes were seen in the irradiated submandibular gland compared with control glands. No changes in acinar cells or the occurrence of mast cells were observed 2 or 4 days after initiation of the irradiation.
Late effects At 180 days following the irradiation a marked alteration in the parotid gland morphology was observed (Figure la) . This was especially marked in the animals treated with higher doses, in which a huge loss of acinar cells was evident (Table I ). The quantitative measurements of the various parenchymal cells demonstrated a dose-dependent decline in the density of acinar cells, whereas a concomitant increase in connective tissue was evident. Signs of oedema formation were also evident. The duct cells were seemingly preserved. Otherwise, the morphology of parotid acinar cells of irradiated and control glands was similar to that reported in previous investigations (Henriksson, 1982; Franzen et al., 1991) with an intact basement membrane. In submandibular glands (Figure 1c ) a similar loss of secretory cells was seen following irradiation (Table II) . The decrease in mucous acinar cells, however, was not as pronounced as that of the serous cells in parotid gland. The serous CGT cells in the duct system were significantly affected by the irradiation, especially at the highest radiation dose (Table II) with approximately 25% in parotid gland following irradiation.
Mast cells
No or very few mast cells were seen in the parotid or submandibular gland interstitial tissue of non-irradiated glands (Figures 3 and 5b Hyaluronic acid Hyaluronic acid was demonstrated in the interstitial tissue as a smooth thin staining within the parenchymal cells in both parotid and submandibular glands (Figure 6b, d) . Surprisingly, a small proportion of the acinar cells in the nonirradiated cells of the submandibular glands were stained for hyaluronic acid. The staining was obviously located intracellularly. A marked enhancement of the staining was observed in the irradiated glands (Figure 6a-d) , especially in parotid glands, 180 days after irradiation (Figure 6a, b) . The increased staining was mainly located to the interstitial stroma and was increased both in relation to the total gland area and in absolute values. The staining for hyaluronan was not obviously altered in the early phase after irradiation. Consequently, the enhancement of hyaluronic acid staining follows the increase in the number of mast cells. induced damage of the gland tissue and also in relation to the expected lifetime of the animals. The connective tissue marker hyaluronic acid was closely linked to the described alteration in the tissue reaction with enhanced staining 180 days following the period of irradiation. These late-recorded reactions are in contrast to the lack of measurable early changes in parotid gland morphology, as shown previously (Franzen et al., 1991) and in the present evaluation, with unaltered number of mast cells and staining for hyaluronic acid. The lack of detectable early alterations could be due to the insensitivity of morphological methods used for visualising interphase or programmed cell death. Since acinar cell death has been discussed in relation to programmed cell death (e.g. Stephens et al., 1986a,b; Franzen et al., 1991) future studies using more suitable analyses such as fragmentation of DNA will be of interest. The distinct correlation between the radiation dose and the late appearance of mast cells has not been described before, at least in salivary glands.
Although the primary target cell of radiation-induced pneumonitis is not entirely defined, the mast cell population may be involved in modifying the radiation response. Prostaglandins, leukotrienes, serotonin and histamine released from mast cells are components that can play an important role in the early as well as in the late-occurring damage (Graham et al., 1990; Nilsson et al., 1990a Nilsson et al., ,b, 1992 . In irradiated animals mastocytosis in lung interstitial tissue was subsequently shown to be followed by increased deposition of hyaluronic acid and at a later stage enhanced collagen content, indicative of pronounced tissue damage (Nilsson et al., 1990a,b) . In the clinical situation, an increase in mast cells has also been reported at bronchoalveolar lavage in patients with localised breast cancer who were treated with radiotherapy (Franzen et al., 1989; Bjermer et al., 1990 Bjermer et al., , 1992 . Different changes in the mast cell content are in fact thought to reflect variation in the severity of lung damage (Nilsson et al., 1990b Franzen et al., 1989; Bjermer et al., 1990 Bjermer et al., , 1992 . Thus, there is obviously some evidence that the observed mast cell enhancement in our study is indicative of the degree of tissue damage. One might assume that mast cells, originating locally or arising from precursors from the bloodstream, may concentrate at the site of radiationprovoked inflammation and through the impact of, for example, cytokines/growth factors discharged from the inflammatory cells be induced to proliferate. Subsequently activated mast cells then secrete highly active compounds such as histamine, serotonin and prostaglandins, which in turn contribute to the development of tissue devastation and fibrosis, seen in the present study as enlargement of the non-parenchymal (other tissue) compartment and as increased hyaluronic acid. However, it must be emphasised that in our specimens no significant increase in other inflammatory cells, such as neutrophils or lymphocytes, was seen.
Mast cells are known to be a heterogeneous population. Originally, two separate types of mast cells in the rat were described (Enerback, 1966) . The connective tissue mast cell (CTMC), in contrast to the mucosal mast cell (MMC), stains positive for saffranin and the toluidine blue staining of granules is resistant to fixation in buffered formalin. The functional properties of these cell types also differ. MMC, in contrast to CTMC, seem to be dependent upon T cells for recruitment and replication in the tissue and resistant to blocking by disodium cromoglycate (Enerback, 1966; Enerback et al., 1986) . The properties of the mast cells involved in the radiation-induced tissue reaction have so far not been completely clarified. Recently published results indicate that the cell involved in the response in the rat lung has more of the CTMC characteristics (Nilsson et al., 1990a (Nilsson et al., ,b, 1992 , and the fact that the toluidine blue staining of mast cells found in the present study displayed resistance to fixation with buffered formalin also indicates that they are of this type. Further studies are warranted to evaluate whether the mast cells observed in different tissues following irradiation are of the same type or whether they display different features depending on the organ examined.
Hyaluronic acid is a glycosaminoglycan known to be produced in large amounts by activated fibroblasts, and it interacts with other connective tissue components such as fibronectin, fibrinogen and other glycosaminoglycans, forming a smooth connective tissue matrix, preceding the formation of a later collagen-rich matrix/fibrosis (see, for example, Nilsson et al., 1990a,b) . It is notable that a small proportion of hyaluronic acid was seen even in the 'normal' nonirradiated submandibular glands. The staining was obviously located intracellularly. This observation has, as far as we know, not previously been reported, and further studies are needed in order to clarify the specificity and significance of this finding.
The inherent radiosensitivity of salivary glands, and especially of parotid glands, is manifested by very early signs of hampered salivary flow (Eneroth et al., 1972; Reade & Steidler, 1985; Franzen et al., 1991 . In addition, the present study indicated a more pronounced sensitivity of rat parotid gland compared with submandibular gland evaluated 6 months after irradiation. This was substantiated by greater damage to acinar cells and an increased connective tissue component. Moreover, this enhanced reaction to irradiation in parotid gland was also followed by a simultaneous more pronounced increase in the density of mast cells. Interestingly, the serous CGT cells seem to be more sensitive to irradiation than the other portions of the duct system. In fact, it has been shown that CGT cells are markedly sensitive to irradiation, reacting with degranulation within 2 h after irradiation (Reade & Steidler, 1985) . As previously shown, the duct system in both parotid and submandibular glands displays more or less resistance to irradiation (Abok et al., 1984) .
In conclusion, fractionated irradiation of the rat salivary glands causes late damage with a decrease in acinar cell density which seems to be closely related to a concomitant increase in the number of masts cells in the interstitial tissue. The results suggest that the mechanisms regulating the appearance of tissue damage following irradiation might be at least partially be dependent on the influence of mast cells and its secretory products. In fact this has recently been proposed to be valid for radiation-induced pneumonitis (Franzen et al., 1989; Bjermer et al., 1990 Bjermer et al., , 1992 Nilsson et al., 1990a Nilsson et al., ,b, 1992 . Further studies are warranted to evaluate whether manipulations of mast cells can modify the radiation-induced alterations in tissue responses. This can also be of importance in explaining the inherent radiosensitivity of salivary glands and the ensuing dryness of the mouth encountered early in the clinical situation following irradiation.
